Wide-angle shear wave arrivals, converted from compressional to shear waves at crustal interfaces, enable crustal Vp/Vs ratios to be determined which provide valuable constraint on geological interpretations. Analysis of the converted shear wave phases represents the next logical step in characterizing the crustal structure and composition following multichannel seismic structural imaging and tomographic inversion of the wide-angle compressional wave phases. In this offshore study across two passive margins extending from stretched continental to fully oceanic crust, the high-data density (2-10 km ocean bottom seismometer, OBS, spacing) and a consistent, efficient conversion interface produced shear wave data sets suitable for traveltime inversion. The shear waves were recorded by three orthogonal geophones in each OBS. Arrival phases, visible to 180 km offset, were identified using their arrival times, moveout velocities and particle motions. Across the North Atlantic volcanic rifted continental margins studied, breakup was accompanied by the eruption of large volumes of basalts of the North Atlantic Igneous Province. The interface between post-volcanic sediments and the top of the basalts provides the dominant conversion boundary across the oceanic crust and the continent-ocean transition. However, the shear wave data quality was significantly diminished at the continental ends of the profiles where the thick basalt flows and hence this conversion interface feathers out and crustal attenuation increases. Initial modelling of the converted shear wave phases was carried out using a layer-based approach with arrivals converted on the way up used to constrain the Vp/Vs ratio of the post-volcanic sedimentary sequence beneath each OBS. To produce a model with continuous crustal S-wave velocities, the compressional wave velocities beneath the sediment-top basalt interface were transformed into starting shear wave velocities using a constant value of Vp/Vs and the inversion carried out by specifying the appropriate ray path. Once the data set had been fully interpreted, correction of the traveltimes to effective symmetric ray paths enabled us to apply a regularized grid inversion. Such inversions are less subjective than the layer-based approach and yield more robust minimum structure results with quantifiable errors, except in the vicinity of a known subbasalt low-velocity zone encountered on the Faroes margin. Monte Carlo analyses were performed for this approach; the average model from multiple inversions using randomized starting models and traveltimes shows the structure required by the traveltimes and the model standard deviation gives an estimate of uncertainty. Model and inversion parametrizations were fully tested and optimum parameters chosen for compressional and shear wave inversions. This allows, after appropriate model smoothing, an estimate to be made of the spatial variation of the Vp/Vs ratio within the crust. There are marked gradients in Vp, Vs and Vp/Vs ratio across the continent-ocean transition, which may result from intrusion of high magnesium mafic igneous material into the crystalline continental crust. The Vp/Vs ratio, used in conjunction with Vp, also provides constraints on the subbasalt lithologies forming the low-velocity zone. We conclude from such an analysis that this zone is unlikely to be composed entirely of igneous hyaloclastite material; some proportion of clastic sedimentary rocks is likely to be present. The Vp/Vs and Vp properties of the units underlying the low-velocity zone are inconsistent with crystalline
I N T RO D U C T I O N
Multichannel seismic (MCS) reflection imaging is one of the most commonly used tools for crustal investigation because it provides good structural and morphological control for geological interpretation. Seismic velocities provide important additional constraints on lithology and mineralogy and can be estimated from the moveout of reflections and their amplitude variation with offset. However, velocities are better constrained by the wide-angle wavefield. Traveltime tomography of wide-angle compressional (P-) wave refractions and reflections provides strong control on the velocity field in laterally continuous media. P-wave velocities alone may provide only poor constraints on the lithology due to ambiguities in their relationship to the properties of the rock matrix and pore filler. Hence shear (S-) wave velocities, which reflect the elastic properties of the crust, were used to provide further constraints on the interpretation. For example, the Vp/Vs ratio is particularly sensitive to the porosity (Tatham 1982; Castagna et al. 1985) and the quartz content of rocks (quartz has an unusually low Vp/Vs ratio of 1.48; Christensen 1996) .
Converted S-waves have previously been utilized in a variety of ways. On the crustal scale this has often been through forward modelling with fixed Vp/Vs ratios specified within model layers or blocks; in such studies the model structure, best determined from the P-wave arrivals, has been held fixed and arrivals with asymmetric ray paths and varying conversion interfaces have been modelled (e.g. Mjelde et al. 2003; Raum et al. 2005) . On marine data when the P-S conversion occurs on the way down at the seafloor, the ray path through the crust is symmetrical and forward modelling (e.g. Shillington et al. 2008) or inversion can be performed. Another form of converted S-waves are target converted (PS) reflections; assuming P-wave (PP) and PS reflections from the same horizon can be correlated, the Vp/Vs structure can be forward modelled or inverted (e.g. Westbrook et al. 2008) . Target converted PS waves are more commonly used for imaging on land (e.g. Stewart et al. 2002) .
We present case studies, which demonstrate the acquisition, identification and inversion of S-wave data, from 2-D profiles across two volcanic rifted continental margins in the North Atlantic ( Fig. 1 ). At these margins the continental breakup between Europe and Greenland in the Early Tertiary was accompanied by the rapid eruption of the North Atlantic Igneous Province, comprising more than 1 million km 3 (Eldholm & Grue 1994) of predominantly basaltic, extrusive material. Flood basalts flowed up to 150 km from the rift axis across pre-existing sedimentary basins (Spitzer et al. 2008) . The cyclical basalt flow units, with high-velocity massive cores and low-velocity fractured and vesicular margins and interbedded sediments highly attenuate seismic energy (they have a low effective quality factor of 15-40: Rutledge & Winkler 1989; Maresh & White 2005; Christie et al. 2006a; Maresh et al. 2006; Shaw et al. 2008) . This high attenuation has been attributed to scattering, mode conversion, multiple generation (Pujol & Smithson 1991; Maresh et al. 2006) and seismic wave induced fluid flow (Shaw et al. 2008) . This attenuation provides a challenge to conventional seismic reflection imaging because it removes the high frequencies from the incident wavefields while the interbed multiples that are generated further mask underlying reflections.
In this study, we deployed four-component (hydrophone plus three orthogonally orientated geophones) GeoPro GmbH SEDIS III and IV ocean bottom seismometers (OBSs) to allow the full wideangle wavefield to be recorded directly at the seafloor. Over 80 OBS were deployed across each margin at 2-10 km spacing. Refraction of rays towards the vertical by the low P-and S-wave velocities of the poorly consolidated post-volcanic sediments provides a natural separation between the different phases arriving at the OBSs as the fundamentally different modes of propagation mean that Swaves dominantly excite the horizontal geophones while P-waves dominantly excite the vertical geophone and the hydrophone.
The experiment (the integrated Seismic Imaging and Modelling of Margins, iSIMM, project) used a low-frequency, long-offset source to increase the seismic energy penetrating, and returned from, beneath the basalt layer. As the basalt flows preferentially attenuate high frequencies (Ziolkowski et al. 2003; Maresh et al. 2006) , the source was designed so that energy was concentrated towards the lower end of the seismic spectrum. Low frequencies were achieved by using a large (104 L) air-gun array that was towed at 18 m depth to provide the optimum trade-off between interference of the primary with the sea-surface ghost (see Lunnon et al. 2003; Christie et al. 2004) . The peak output of the iSIMM air-gun source array was at frequencies of 9-11 Hz (Lunnon et al. 2003) . Both conventional peak tuning and bubble tuning (Avedik et al. 1996; Lunnon et al. 2003) were tested; the peak tuned source signature was found to be more stable with varying angle while the bubble tuning provided a slight improvement in the low frequency bandwidth (Christie et al. 2006b ).
Long offsets also proved important in imaging beneath basalt. Fig. 2 illustrates the differing seismic reflection images produced using a 12 and 3 km streamer for the Faroes and Hatton Bank margins, respectively. The structure of the Faroes profile is relatively well resolved with features such as the oceanic Moho, seaward dipping reflectors (SDRs) and lower-crustal reflectivity at the continent-ocean transition imaged well (Fig. 2a) . Although different processing was applied to the Hatton Bank Dip line (Fig. 2b) , it can be seen that comparatively little coherent energy was returned from beneath the top of the basalt despite a similar frequency seismic source. The wide-angle wavefield was better recorded by the OBSs, which recorded shots, at 100-150 m spacing, up to 180 km from the receiver. These wide-angle P-and converted S-wave arrivals allow velocity control through traveltime tomography to complement the reflection data.
The traveltimes of P-wave refractions and wide-angle reflections within this data set have been previously analysed by Parkin & White (2008) , White & Smith (2009) and Roberts et al. (2009) . Parkin & White (2008) focussed on the oceanic ends of both the Faroes and Hatton Bank Dip line profiles and joint reflection and refraction tomography resolved unusually thick oceanic crust (>8 km). The igneous crustal thickness varied along both profiles, recording temporal variation in melt volumes (Parkin & White 2008) . The thickest crust was observed immediately following continental breakup with a general thinning trend overlain by shorter wavelength variations; assuming passive decompression melting this was interpreted as a general reduction, with some pulsing, of the ambient mantle temperature since breakup in the early Tertiary (Parkin & White 2008) . White & Smith (2009) and Roberts et al. (2009) studied the continental ends, and the transition into oceanic crust, of the same profiles across the Hatton Bank and Faroes margins, respectively. These studies both found a rapid transition from low to high velocities in the crust beneath the continental slope, interpreted to be the continent-ocean transition. The velocities modelled in the lower oceanic crust seaward of the continent-ocean transition were very high (7.0-7.5 km s −1 ), interpreted as high magnesium gabbro formed through high temperature and pressure melting of the mantle White & Smith 2009 ). The P-wave velocity gradient across the continent-ocean transition suggests mixing between mafic intrusions and the felsic continental block; the mechanism for this, as indicated by lower crustal reflections imaged on the Faroes MCS profile (Fig. 2a) , was interpreted to be through intrusion of sills into the crust .
This paper illustrates techniques to identify and interpret converted S-wave arrivals using the OBS data collected across the Hatton Bank and Faroes margins. These arrivals, used in conjunction with the previous P-wave analysis Parkin & White 2008; White & Smith 2009 ), allows S-wave velocity models to be generated and the spatial variation in the Vp/Vs ratio to be estimated. To explore the robustness of such models, and hence possible interpretations, a minimum structure inversion approach is used which allows uncertainty estimates to be made. It was found that while large-scale features were robust, the larger picking errors and lower data density of S-waves when compared to P-waves meant that structural or small-scale results for S-waves were not well constrained. The contributions made by the S-wave analysis to the understanding of these volcanic rifted continental margins include further evidence for mafic intrusion into the stretched continental crust at the continent-ocean transition and insight into the interpreted Mesozoic sedimentary systems beneath the basalt.
P RO C E S S I N G O B S DATA
The OBSs were deployed from the RSS Discovery in 2002 June. Although the OBSs were gimballed, which ensured correctly orientated vertical components, the free fall of the OBSs through the water caused the azimuth of the horizontal components to be arbitrarily orientated in relation to the shot line. Therefore, a hodogram analysis of the direct water arrival (which is free of any azimuthal anisotropy associated with the crust) was used to determine the OBS orientation (to within ±10
• ) and the horizontal components were then rotated into radial and transverse directions with respect to the shot line (the radial subsequently having a higher signal to noise ratio (SNR) for S-waves). The OBSs recorded continuously with a 4 ms sampling interval while shooting was carried out with 75-150 m shot spacing. The continuous records were cut by GeoPro GmbH into individual segments each 60 s long with zero time at the shot instant and organized into receiver gathers for each component.
The OBSs were deployed online but they typically drifted 400 m offline as they sank to the sea floor. The offline OBS position was established based on the arrival time of the direct water wave assuming uniform water depth to either side of the shot line Parkin & White 2008; White & Smith 2009 ). Ambiguity as to which side of the line they lay on was resolved by using offline shots fired during ship turns and, on the Hatton Bank, on the orthogonal lines. Although subject to up to 100 m uncertainty due to the low seismic frequency, long offsets and 3-D bathymetry, the offline positions determined were consistent with the direction and strength of oceanic currents in the region (McCave et al. 1980; Rasmussen et al. 2002) .
I D E N T I F Y I N G A R R I VA L P H A S E S
Multiple arrival phases were observed within the OBS gathers (e.g. Figs 3 and 4). To aid in differentiating and identifying the arrivals, the vertical component records were displayed with a reduction velocity of 7 km s −1 , such that oceanic mid-crustal refractions appear subhorizontal. The radial components were similarly displayed with a reduction velocity of 3.9 km s −1 (i.e. assuming Vp/Vs = 1.8; a first order Vp/Vs estimate) for the converted S-wave refractions. The relative amplitudes of an arrival on the vertical and radial component indicated whether it arrived at the OBS as a P-or S-wave, the moveout indicated whether it was converted on the way up or down and preliminary traveltime modelling helped to identify the phase and conversion interface. On the vertical component the first arrivals are the crustal refraction, Pg, and at greater ranges the mantle refraction, Pn. As the Pn refraction is rarely observed on these volcanic rifted continental margins, the observed long offset arrival is commonly the wide-angle Moho reflection, PmP. On the radial component the equivalent, but slower and later arriving, S-wave refractions and reflections (Sg, Sn and SmS, although more correctly PSg, PSn and PSmS) can be observed. As these arrivals have an S-wave moveout they travelled most of the way through the crust as . Polarization angles and ellipticity of OBS59 determined by eigendecomposition of the covariance matrix (e.g. Perelberg & Hornbostel (1994) and Kragh & Peardon (1995) ). (a) Calculated polarization angles overlain on the radial component of OBS59 displayed with a reduction velocity of 3.9 km s −1 . Coherent near-vertical polarization angles have been determined for Pg, PSP and the multiple of Pg, but other phases are less well determined. (b) Calculated ellipticity overlain on the same seismic data, ellipticity of 0 indicates a linear arrival. The later arrivals, including converted S-waves, have higher ellipticity compared to the P-wave first arrivals causing difficulties in the automatic determination of a coherent polarization angle. This ellipticity is likely to be due to the interference of earlier arrivals and enhanced energy scattering.
an S-wave and must have been converted on the downward propagating leg. Also observed on Figs 3 and 4 are arrivals such as the PPS phase, with the same moveout as the Pg arrival but a later arrival time and higher amplitude on the radial component; this phase has been converted beneath the OBS on the upward propagating leg. On OBS59 (Fig. 4 ) a double mode converted phase, PSP, is also observed. Plots of the polarization angle and ellipticity, calculated from eigendecomposition of the covariance matrix (Perelberg & Hornbostel 1994) , over the seismic data were investigated as a visual means of differentiating arrivals (Fig. 5) as it immediately combined time, velocity and particle motion information. While the P-wave arrivals and their water bottom multiples were strongly linear with near vertical polarizations, the later arrival phases displayed less coherent polarization angles. This was due to high ellipticity (i.e. low linearity), likely caused by interference of the earlier arrivals, by scattering, poor horizontal coupling and shear wave splitting (Crampin 2003) .
I D E N T I F Y I N G T H E C O N V E R S I O N I N T E R FA C E S
Understanding converted S-waves produced from acoustic sources in the water column requires identification of the conversion interface. Seismic reflection imaging of the profiles along which the wide-angle data were recorded resolved several high impedance contrast boundaries; the seafloor, a Late Oligocene sediment unconformity (van Weering et al. 1998 ) and the sediment-top basalt interface. Modelled P-wave velocities and preliminary lithologic interpretation enabled the likely angle-dependant conversion efficiency to be calculated using the Zoeppritz equations (Aki & Richards 2002) . While the seafloor and sediment unconformity may be viable phase converters, arrivals converted at the deepest, and most efficient conversion interface, the sediment-top basalt boundary, arrive first and the long 'ringy' coda of this phase obscures conversions from other nearby interfaces. The sediment-top basalt interface has been identified previously as one that causes strong Figure 6 . Cartoon illustrating the main arrival phases observed with conversion at the sediment-top basalt interface. P-wave refractions help to constrain the P-wave velocity model while the S-wave refractions (Sg) converted from P-to S-waves on the way down constrained the S-wave velocity model. The S-wave phase converted on the way up (PPS) and target converted phases were used to constrain the post-volcanic sedimentary structure while a double mode conversion (PSP) is observed but not modelled.
conversions by Mjelde et al. (2002) . A schematic representation of the ray paths of the different arrival phases observed is shown in Fig. 6 .
S -WAV E DATA Q UA L I T Y
The data quality varied consistently across the margins studied. The signal-to-noise ratio (SNR) was highest at the oceanic ends of the profiles (e.g. OBS79, Fig. 3 ) with PmP arrivals visible out to source-receiver distances of 180 km and SmS arrivals to 150 km. For OBSs at the top of the Fugloy Ridge and Hatton Bank (e.g. OBS59, Fig. 4 ) the data quality was markedly asymmetric with shots from the northwest (oceanic) direction clearly visible yet those from the sedimentary basins above thinned continental crust of the Faroe-Shetland Trough and the Hatton Basin to the southeast far less visible. For OBSs located in these sedimentary basins the data quality is significantly degraded and the S-wave velocity modelling is limited by the extent of ray coverage. These observations can be attributed to three factors; variable conversion efficiency, attenuation and noise.
The sediment-top basalt interface produces strong conversions on oceanic crust and in the area of seaward dipping reflectors (SDRs) where the P-wave velocity of the overlying sediments is similar to the S-wave velocity of the basalt (White & Stephen 1980) . As the basalt flows feather out into the sedimentary basin to the southeast, with reduced proportions of the high velocity flow cores, this velocity relationship starts to change, reducing the efficiency of phase conversion. At the same time the sedimentary sections of the Faroe-Shetland Trough and Hatton Basin thicken, providing increased burial related lithification and therefore increased sediment velocity. Other factors affecting the relative velocities are the transition from subaerial to submarine basalts at the basalt escarpment (at ∼250 km profile distance on the Faroes profile, Fig. 2a ) which marks the edge of the palaeo-Faroe-Shetland Trough at the time of volcanism (Spitzer et al. 2008) . The contact of lava with water produces low-velocity basaltic lava debris (Kiørboe 1999; Spitzer et al. 2008) as seen in Hawaii (Garcia & Davis 2001) , with only the largest volume flows continuing to flow underwater into the basin. In the Hatton Basin varying eruptive styles are preserved; the Lyonesse Igneous Centre (Hitchen 2004) crossed by the Hatton Bank Dip line (Fig. 2b) is likely to contain a higher proportion of low-velocity explosive volcanic products than are the massive flood basalt sequences observed elsewhere on the margin.
Although varying conversion efficiency explains why S-wave arrivals from shots above the sedimentary basins are not recorded, it does not explain the asymmetrical data quality for shots at the top of the marginal highs of the Fugloy Ridge and the Hatton Bank. This is likely to result from increased effective attenuation of the continental crust. This may be caused by zones of crustal weakness created by pre-breakup tectonics including the Variscan and Caledonian orogenies (Coward 1995) , and by multiple rifting phases since the Devonian (Dean et al. 1999) . High effective attenuation may also be caused by scattering from high impedance contrast intrusions (e.g. Smallwood & Maresh 2002 ) and attenuation within the thickening Tertiary sedimentary section and explosive/brecciated volcanic units. Another factor that may be contributing to a diminished SNR in the Faroe-Shetland Trough is the increased noise levels associated with vigorous ocean bottom currents (e.g. Masson et al. 2004) , also cited to explain the low SNR on OBSs deployed in the Maury Channel at the base of the Hatton Bank (White & Smith 2009 ).
L AY E R -B A S E D T R AV E LT I M E T O M O G R A P H Y
P-wave traveltime tomography has previously been carried out on the iSIMM profiles by Parkin & White (2008) , Roberts et al. (2009), and Smith (2009) . The final P-wave velocity model for the Faroes profile ) was produced using Rayinvr (Zelt & Smith 1992) . This model had been derived by initial Pwave first arrival traveltime tomography using FAST (Zelt & Barton 1998) , which did not resolve the subbasalt low-velocity zone (LVZ) indicated by Pg terminations and traveltime step-backs (Fig. 7) . This LVZ was better resolved by forward modelling using Rayinvr, fitting Pg terminations, step-backs and base-LVZ reflections. A Monte Carlo analysis (Mosegaard & Tarantola 1995) was then carried out to estimate uncertainties in the lower-crustal velocities and Moho depths ). The previous Hatton Bank P-wave velocity models (Parkin & White 2008; White & Smith 2009 ) had been produced using Tomo2D (Korenaga et al. 2000) . This code uses a grid-based parametrization and the final models had to be resampled to produce the Rayinvr multiple layer parametrization, each layer with linear vertical velocity gradients. As Parkin & White (2008) and White & Smith (2009) independently modelled separate, although overlapping, subsections of the Hatton Bank Dip line, these models had to be reconciled and merged. The bathymetry (ranging from 450 to 3450 m depth), post-volcanic sediment thickness (up to 1500 m) and sediment velocities determined from the MCS reflection data ( Fig. 2 ) have been retained for further modelling and the databases of P-wave traveltime picks were available for further work after additional quality control.
The Sg, SmS, Sn and PPS arrivals were picked on the radial components for converted S-wave traveltime tomography. Due to the poor SNR of the secondary converted S-wave phases the first clear and coherent arrival was picked and the estimated error associated with not picking the first break included in the pick uncertainty. An f-k filter, of 5 km s −1 at the oceanic ends of the profiles, decreasing to 3.2 km s −1 at the continental ends where both P-and S-wave velocities were slower, was used to reduce the interference of Pwave arrivals and thereby allow more effective picking of the Sg, SmS and Sn arrivals. At the time of picking the different arrival phases on each OBS were categorized as good, moderate or poor based on the SNR and the arrival continuity to allow the consistent definition of pick uncertainty.
The PPS arrivals, in conjunction with pre-existing P-wave picks and velocity models, were used to determine the Vp/Vs ratio of the post-volcanic sedimentary sequence directly beneath each OBS. This was achieved by forward modelling the PPS arrival using Rayinvr (Zelt & Smith 1992) and yielded bulk Vp/Vs values ranging between 2.7 and ∼10 (highest for thin contourite units directly overlying the basalt on the Fugloy Ridge and Hatton Bank). This commonly used and flexible layer-based ray tracing code, with depth and velocity nodes defining trapezoidal blocks, allows the Vp/Vs ratio to be defined within individual layers or blocks. The PPS arrivals were conservatively assigned 120 ms picking error due to the potential interference of the earlier arriving P-wave energy except in the continental sedimentary basins where the SNR was lower and uncertainties of 150 ms were assigned. The range of sediment Vp/Vs ratios that fitted the PPS phase with a statistical measure of fit chisquared (χ 2 ) less than one were identified and used to calculate the potential traveltime error (largest for thick sedimentary sequences where the Vp/Vs ratio is poorly determined) that could propagate through to the deeper converted S-wave phases when the sediment Vp/Vs ratio was fixed. The sediment Vp/Vs ratios determined were generally consistent with those calculated by comparing the PP and PS reflection traveltimes from the top basalt interface and with those calculated using the Castagna mudrock relation (Castagna et al. 1985) .
Prior to traveltime inversion of the Sg and SmS arrivals, uncertainty was assigned to each arrival. As secondary arrivals these uncertainties were considerably larger than those used in the Pwave tomography. The total uncertainty assigned for Rayinvr modelling was the sum of the uncertainty associated with the sediment Vp/Vs (ranging from 40 to 680 ms) and 0.5T, 0.75T and 1.0T for good, moderate and poor quality Sg arrivals, respectively, and 1.0T, 1.5T and 2.0T for good, moderate and poor quality SmS arrivals, respectively, where T is the dominant period of the S waves of 120 ms. To provide quality control on the arrival picks, the observed traveltimes were corrected for variable water depth, sediment thickness and sediment Vp/Vs ratio such that the traveltime of reversed ray paths through the crust could be compared. If, during this comparison, the time difference was outside the sum of the uncertainties assigned to the two arrivals the picks were rechecked (e.g. Morozov et al. 1998) . Where reciprocal traveltimes for the reversed ray paths were not available, adjacent OBS gathers were compared to check that the picks varied in a consistent manner.
Within the Rayinvr layer-based model, velocity nodes are considered to be well resolved if the diagonal elements of the resolution matrix are greater than 0.5 (Zelt & Smith 1992) . To achieve this, with a trade-off of node spacing and damping factors, the node spacings shown in Figs 8(a)-(c) were chosen for the S-wave inversion. The final Faroes profile Rayinvr, P-wave velocity model ) was truncated to the oceanward 250 km and resampled to the S-wave node spacing (Fig. 8d) . The P-wave velocity models for the Hatton Bank Dip and Strike lines extracted from the Tomo2D (Korenaga et al. 2000) grid-based parametrization were inverted to optimize the layer-based model and these results are shown in Figs 8(e) and (f).
Depth nodes were fixed for S-wave modelling as the higher quality and more numerous P-wave arrivals provided better structural control. As setting different, constant Vp/Vs ratios within each block or layer meant that discontinuous S-wave velocity models were produced even if the underlying P-wave velocities were smooth, the inversions were carried out for S-wave velocity rather than for the Vp/Vs ratio. The starting models were generated such that P-wave velocities (with the appropriate Vp/Vs ratios set in blocks across the model) were fixed above the sediment-top basalt interface and below it S-wave velocities were produced using a range of different constant values of the Vp/Vs ratio. Using Rayinvr, rays traced could be set to convert from P-to S-waves or vice versa at any chosen interface within the model and were set such that the rays propagated at the correct velocities in different crustal layers.
The S-wave velocity of the uppermost basalt was not well determined because the late arriving Sg mode suffered from interference with the direct wave to offsets up to 15 km (e.g. Fig. 3 ). Fixing the post-volcanic sediment P-wave velocity and Vp/Vs ratio also forces any errors associated with the true offline geometry (e.g. 3-D sediment thickness or velocity variations) into the velocity at the top of the basalt. Inversion was carried out on a layer-by-layer basis from the upper basalt and moving down. Three point smoothing was carried out after each iteration. As regions of the upper crust were constrained by few turning rays and the starting Vp/Vs ratio remained unchanged as the inversion progressed, it was decided to use a starting Vp/Vs ratio of 1.84 that was appropriate for basalt and provided a good final fit. Terminations and step-backs of the Sg arrivals (Fig. 7) were also observed and, as traveltime tomography poorly resolves LVZs, constant Vp/Vs ratios between 1.6 and 2.1 at increments of 0.05 were pasted into the LVZ, and the inversion carried to completion for each trial value. Minimization of the misfit of the step-backed portion of the refraction and maximization of the number of picks fitted (i.e. fitting both the stepback time and lateral position) resulted in a preferred Vp/Vs ratio of 1.8 ± 0.1 in the LVZ. As modelling both the P-and S-wave velocities in a LVZ are subject to velocity-thickness ambiguity, the determination of the Vp/Vs ratio means that the effect of the modelled thickness can be cancelled and the estimate of the Vp/Vs ratio in the LVZ is more robust than are either the P-or S-wave velocities alone (Eccles et al. 2009 ).
The results of the converted S-wave traveltime tomography are shown in Figs 9(g)-(i) . The final models are very smooth and exhibit the same velocity trends as do the P-wave velocity models in regions with ray coverage. High P-and S-wave velocities are resolved in the lower crust and high lateral velocity gradients in the middle and lower crust at the continent-ocean transition. Example traveltime fits of the Faroes Rayinvr models are shown by Figs 9(a) and (b). The resolution of these Rayinvr models was tested by carrying out chequerboard tests with a pattern of positive and negative velocity perturbations of 0.1 km s −1 (Fig. 10) . The χ 2 statistical fits of the perturbed models increased approximately tenfold compared to the best fit models but decreased back to the original level with a further 4-10 inversion iterations. As would be expected the velocity perturbations are only resolved in areas of ray coverage and there is some smearing of the velocity perturbations, which is particularly notable on the Hatton Bank Strike line (Fig. 10f) at the edge of ray coverage where crossing ray paths are absent.
Few Pn and Sn mantle refractions were observed in these data sets. Those that were found were forward modelled but synthetic seismogram modelling indicates that the lack of these phases is most easily explained by low or reversed P-and S-wave velocity gradients in the upper mantle, implying the refractions observed are channelled through local heterogeneities. On the Hatton Bank margin mantle refractions on the orthogonal Dip and Strike lines indicated markedly different velocities. Although the mantle is sampled in slightly different areas, which may again be indicating heterogeneity, the ∼4 and ∼7 per cent faster P-and S-wave velocities, respectively sampled on the Dip line are consistent with olivine alignment in the flow direction which is orthogonal to the ridge axis (Nicolas & Christensen 1987; Pilidou et al. 2004) . 
G R I D B A S E D T R AV E LT I M E T O M O G R A P H Y
While the final Rayinvr velocity models are smooth and the resolution of fine scale features and model uncertainty are limited by the model parametrization, Tomo2D (Korenaga et al. 2000) modelling with a grid-based parametrization has proved more effective than Rayinvr in constraining the P-wave velocity models (e.g. White & Smith 2009) except in the vicinity of LVZs. Hence the Hatton Bank P-wave models were revisited to invert for the full profile as only overlapping subsections were modelled by Parkin & White (2008) and White and Smith (2009) . Due to the LVZ the Faroes Profile P-wave traveltimes had not been inverted using Tomo2D ) but, although not interpretable across the top of the Fugloy Ridge, results from the Tomo2D inversion provide valuable insight into the properties of the oceanic crust and lower crust across the continent-ocean transition. Without the definition of model layers the Tomo2D code requires symmetrical rays and is not best suited to converted S-waves. The validity of applying a time correction for the difference in P-and S-wave traveltimes through the post-volcanic sediments to produce effective PSP arrivals was tested using Rayinvr. The trivial (<4 ms, compared to traveltime uncertainties >100 ms) difference in fits between ray tracing the original and corrected traveltimes using the corresponding mode conversion gave us confidence that such a correction did not introduce significant errors.
The Tomo2D (Korenaga et al. 2000) model was parametrized as a sheared mesh (Toomey et al. 1994) . A grid with constant (0.5 km) horizontal cell size and vertically variable (from 0.05 to ∼1 km) cell size was hung beneath the bathymetry. The cell size must be smaller than the expected wavelength of spatial velocity variations to avoid bias. Bilinear interpolation was used within each cell to maintain a continuous velocity field. A single floating reflector, with one degree of freedom in the vertical direction could also be modelled (Korenaga et al. 2000) and this was set to be the Moho.
To calculate traveltimes and ray paths accurately and efficiently Tomo2D utilizes a hybrid graph and ray bending method (Korenaga et al. 2000) . A mixed fifth/tenth order forward star, which defines the possible node connections, for the graph method efficiently allows for the dominant velocity, rather than depth, variation within the model (van Avendonk et al. 1998; Korenaga et al. 2000) .
Extensive parameter testing was used to assign correlation lengths, smoothing weights and damping weights for the regularized grid inversion, guided by the previous Hatton Bank P-wave modelling (White & Smith 2009 ). The parametrizations of the Pand S-wave models were linked to allow comparison for the Vp/Vs ratio. The parameters for the individual profiles were optimized (Table 1) and will be discussed in the following paragraphs. Again, inversion was carried out for a composite model of P-wave velocities above the sediment-top basalt interface and S-wave velocities below it. As changes to the sediment P-wave velocities during the inversion would invalidate the traveltime correction applied, these velocities were held fixed by heavily damping them in the inversion.
The required vertical and horizontal correlation lengths, which control model smoothing, were determined by survey design and crustal structure through the ray coverage and data frequency. As the spatial resolution decreases with depth, the vertical correlation length can be estimated by the size of the first Fresnel zone (Sheriff & Geldhart 1995) of the PmP and SmS reflections for the base of the model, and of the PP and PS reflections from the top of the basalt with source and receivers at different depths (Eaton et al. 1991) for the top of the model. By judging the fit and roughness of test Pand S-wave inversions for each profile, vertical correlation lengths of 0.2 km at the seafloor increasing to 7 km at the base of the model were found to be most appropriate. The horizontal correlation length is based on minimum and maximum OBS spacing, which varies from 2-6 km on the Faroes profile to 4-10 km on the Hatton Bank profiles. Test panels were again used to test the appropriateness of these parameters. The smoothing weights control the relative importance of the correlation functions and hence the same result can be achieved with different combinations of these parameters (Korenaga et al. 2000) . 'L shaped' trade-off curves between model fit and the horizontal or vertical roughness can be produced for the smoothing weights. Velocity and depth smoothing weights, which give the best fit of the smooth models were chosen (Table 1) . A trade-off also exists between velocity and depth damping. Variable velocity damping was applied with large damping weights that essentially held fixed the velocity used for the post-basalt sedimentary sequence while much less damping was applied to the rest of the crust. A moderate depth damping weight (Table 1) was chosen to provide a compromise between the smallest statistical fit and the roughness of the model and Moho.
The lower-crustal velocity-depth ambiguity in regions constrained by reflections alone was tested by varying the depth kernel weighting parameter. The similarity in final velocity models and statistical fits for the inversions, with the exception of the S-wave inversion with a free Moho on the Faroes profile, indicated that this ambiguity was not a significant problem. Fixing the P-wave Moho for the S-wave inversion (which allows final P-and S-wave velocity models to be compared) solves the S-wave velocity-depth ambiguity on the Faroes profile. Preliminary assessment of model resolution was also carried out by inverting traveltimes from alternate OBSs (i.e. only half of the OBSs) and by inverting to recover applied Gaussian velocity anomalies in the presence of noise.
Because the Tomo2D inversion is automated (once the parameters have been chosen) it is possible to explore the solution space using a Monte Carlo approach (Mosegaard & Tarantola 1995) . One hundred realizations were performed for each of the P-and S-wave models with 1-D starting models hung beneath the sediment-top basalt interface randomized within bounds defined by realistic estimates of possible rock properties. The velocities were randomized between 3.8-4.6 km s −1 (P) and 2.0-3.2 km s −1 (S) for the top of the igneous crust, between 6.2-7.0 km s −1 (P) and 3.2-4.2 km s −1 (S) for the base of the upper igneous crust at 3-7 km depth and between 7.0-7.5 km s −1 (P) and 3.7-4.4 km s −1 (S) at the base of the lower crust. Constant randomized starting Moho depths varying between 15 and 30 km were also used. Traveltimes were randomized with both common receiver (i.e. associated with the receiver or receiver position and therefore constant within the OBS gather) and traveltime gradient (i.e. slowness) error (Zhang & Toksöz 1998) . P-wave arrivals were randomized for all OBSs and arrivals with a common receiver error (σ < 50 ms) and a traveltime gradient error (σ < 25 ms km −1 ). For the S-wave arrivals much of the uncertainty previously included in the pick uncertainty can be classified as common receiver error, particularly the uncertainty associated with the post-volcanic sedimentary sequence Vp/Vs ratio and possible systematic mispicking of the first break of this secondary arrival. As during Rayinvr S-wave modelling χ 2 was less than one, implying overfitting or overestimation of uncertainty, the reduction of the picking uncertainty for the Tomo2D inversions was appropriate. The common receiver error was set individually for each OBS with σ 2 less than the sum of the traveltime uncertainty associated with post-volcanic sediment Vp/Vs ratio and 0.5T, 0.75T and 1.0T for good, moderate and poor quality arrivals, respectively (T = 120 ms). A common gradient error (σ < 50 ms km −1 ) was also applied. The results of the P-wave Monte Carlo analyses for the three profiles are shown in Fig. 11 . The inversions were iterated until the model converged. The average models of 100 final inversions for each profile are shown in the upper panels and associated model standard deviation below. Areas without ray coverage are faded out because the velocities and Moho depths in these regions are controlled solely by the starting model distribution and by the smoothing applied. Again, very high lower-crustal P-wave velocities are observed in the lower crust of the oldest oceanic crust and a high lateral velocity gradient is present throughout the middle and lower crust at the continent-ocean transition. For the Faroes profile high uncertainty is found beneath the Fugloy Ridge; some of the individual inversions resolve a poorly defined LVZ in the vicinity of that forward modelled by Roberts et al. (2009) , resulting in high model variability in this area. The model standard deviation is also high in regions of high velocity-gradient or at the position of a change in velocity gradient such as the transition from oceanic layer 2-3.
The S-wave results (with the P-wave post-volcanic sediment velocities masked) are displayed in a similar manner in Fig. 12 . For the Faroes profile and Hatton Bank Dip line the Moho depth was fixed from the P-wave inversion. However for the Hatton Bank Strike line, as seen by the relative lower-crustal ray coverage for P-and S-waves (Fig. 11c versus Fig. 12c ), better control on the Moho depth was provided by the more numerous SmS arrivals and this Moho depth was fixed for the P-wave inversion. In the same way as for P-waves, very high S-wave velocities are also found at depth within the oldest oceanic crust and a large horizontal velocity gradient is present across the continent-ocean transition. For the Faroes profile the S-wave inversions did not produce a hint of a LVZ beneath the Fugloy Ridge (150-200 km profile distance) because the S-wave data quality was poorer than for the P-waves in this area and fewer The average P-and S-wave velocity models can be combined to produce an estimate of the crustal Vp/Vs ratio structure. Although the inversions were identically parametrized, due to the varying ray coverage the models are not comparable on a node by node basis. An estimate of Vp/Vs uncertainty was gained by summing the percentage the P-and S-wave model uncertainties. Gaussian smoothing with a 25 km horizontal and 3 km vertical window was applied to regions with uncertainty <0.06 and models of smoothed Vp/Vs, along with Vp/Vs uncertainty, are shown in Fig. 13 . The change in Vp/Vs ratio at the continent-ocean transition is clearly shown, as are high Vp/Vs ratios in the subaerially extruded basalt. Subtle Vp/Vs variations across the oceanic crust, although seemingly consistent between the Faroes profile and Hatton Bank Dip line, are well within the estimated uncertainties.
D I S C U S S I O N
Traveltime inversion of the converted S-wave arrivals has been achieved successfully for profiles across two volcanic rifted continental margins. The large, low frequency source allowed converted S-waves to propagate to long offsets through oceanic and transitional crust. However, the continental crust exhibited significantly higher attenuation, which spatially restricted the identification and modelling of converted S-waves in that region. A tomographic velocity inversion across the oceanic crust and continentocean transition was possible due to the presence of a widespread and efficient phase conversion boundary, at the sediment-top basalt interface. The seafloor may, in other environments, provide a consistent boundary for conversion, but the seafloor conversion in this study is obscured by the earlier arriving top basalt conversion. Other converted phases may be produced by, for example, mafic sills within the continental sedimentary basins. These arrivals remain best dealt with by a forward modelling approach due to their spatial inconsistency. In the future, the emerging technique of full waveform inversion may allow superior velocity models to be determined. Frequency-domain acoustic waveform inversions (e.g. Brenders & Pratt 2007) have been used with some success for inverting crustal scale P-wave velocities while elastic codes (e.g. Shipp & Singh 2002) are currently beyond our computational capability for crustal-scale models.
Developing S-wave velocity models with quantifiable uncertainty has allowed the interpretable spatial variations of the Vp/Vs ratio to be determined. Plots of the Vp/Vs ratio versus Vp allow good geological discrimination. A plot of the average lower-crustal properties (defined by Vp > 6.7 km s −1 , the velocity contour coincident with a marked change in velocity gradient) at 10 km intervals across the continent-ocean transition for the Faroes profile and Hatton Bank Dip line is shown in Fig. 14 . The average lower-crustal temperature and pressure have been calculated at each position assuming a geothermal gradient of 25
• C km −1 (Stein & Stein 1992 ) and densities of 1.0, 2.0, 2.7 and 3.0 Mg m −3 for water, sediment, upper and lower crust, respectively. Results have been corrected to a constant pressure and temperature of 230 MPa and 200
• C by estimating the rock type and calculating pressure and temperature gradients using the approach of Hacker & Abers (2004) . These measurements strongly suggest mixing between crystalline continental crust (as indicated by the average gneiss and granite properties plotted with low P-wave velocity and Vp/Vs ratio) and more mafic igneous material. The oceanic end of the mixing trend is not that of mid-ocean ridge gabbro, rather it is material with a lower Vp/Vs ratio. High Fig. 2 for locations) . The properties of dunite, gabbro, gneiss and granite (Christensen 1996) are shown by black, green, blue and purple circles, respectively, corrected to 230 MPa. The properties of an Oman olivine gabbro with 10 per cent olivine (Browning 1984) shown in pale green have been calculated (at 230 MPa and 200 • C) for systematic iron-magnesium substitution of fayalite (Fa) and forsterite (Fo) showing the Vp and Vp/Vs trend of increasing magnesium content.
P-wave velocities (up to 7.5 km s −1 ) in the lowermost crust of the oldest oceanic crust have previously been interpreted as caused by magnesium-rich gabbro produced from melting of mantle with temperatures higher than normal at the time of breakup (Kelemen & Holbrook 1995; Parkin & White 2008; White & Smith 2009 ).
The effect of magnesium on the Vp/Vs ratio has been explored by calculating the trend of properties for a gabbro [an olivine gabbro from the Oman Ophiolite (Browning 1984) ] with systematic substitution of iron by magnesium within the olivine (fayalite to forsterite) using the approach of Hacker & Abers (2004) . This shows that with increasing magnesium the P-wave velocity increases and the Vp/Vs ratio decreases, that is, the properties trend towards those of dunite, also shown on Fig. 14. A high magnesium (olivine) gabbro is consistent with the high Vp and low Vp/Vs ratios determined in the oceanic crust formed shortly after continental breakup.
Plots of the P-wave velocity versus igneous crustal thickness plots have previously been used to infer mantle processes and conditions during oceanic crustal generation (Holbrook et al. 2001; Korenaga et al. 2002; White et al. 2008) . The theoretical trends expected for changes in ambient mantle temperature, active upwelling and mantle fertility are shown in Fig. 15(a) . Modelled lower-crustal P-wave velocity, again corrected to 230 MPa and 200
• C, versus igneous crustal thickness are shown in Fig. 15(b) . Similar to White et al. (2008) , in the fully oceanic crust a clear trend of passive decompression of elevated temperature mantle (cooling through time is observed in the crust formed after continental breakup. The oldest fully oceanic crust on the Faroes and Hatton Bank margins (at ∼110 and ∼120 km, respectively) were formed ∼52 Ma while the youngest oceanic crust well resolved on the Faroes margin (at 20 km) was formed ∼43 Ma and on the Hatton Bank margin (at -30 km) at ∼40 Ma (Parkin & White 2008) . A trend of decreasing mantle temperature through time in the North Atlantic is also interpreted by Herzberg & Gazel (2009) based on petrological modelling. It is not appropriate to interpret the trend seen at the continent-ocean transition in terms of melting processes as the effect of intrusion into increasingly stretched continental crust decreases the inferred residual continental crustal thickness and increases the lower-crustal velocity compared to unstretched continental crust. The linear trend seen on the velocity-thickness plots (Fig. 15) across the continentocean transition is consistent with increasing proportions of mafic intrusions into the crystalline continental crust. The relationship of Vs to igneous crustal thickness (Fig. 15c) shows similar trends, particularly for the Hatton Bank Dip line, which has a longer oceanic crustal section and, even for the P-waves, shows a much larger velocity range. Similar first order P-and S-wave velocity trends with crustal thickness would be expected although the exact relation is dependent on the Vp/Vs ratio trends with changing ambient mantle temperature, and hence on the mineralogical composition (e.g. Fig. 14) , or the degree of intrusion. That the Faroes profile has high P-and S-wave lower oceanic crustal velocities compared to the Hatton Bank Dip line at the same distance from the continentocean transition indicates that the high ambient mantle temperature beneath the Faroes margin was retained for longer, consistent with its closer location to the centre of the interpreted proto-Iceland hotspot. The steeper P-and S-wave velocity gradient on the continent-ocean transition trend for the Hatton Bank Dip line indicates that the continental crust being intruded at the Faroes margin is thicker, perhaps less stretched, than that at the Hatton Bank.
The deep water, and hence interference of the direct arrival, impeded modelling of the uppermost igneous crust. However, across the Hatton Bank Strike line on the continental slope the constraint was sufficient to resolve the uppermost seaward dipping reflector sequences to have a Vp/Vs ratio of 1.76 ± 0.06. This value is consistent with that modelled by Minshull (1993) from a two ship expanding spread profile across the same margin where hydrothermal alteration (which reduces porosity by precipitating low Vp/Vs minerals such as zeolite and quartz; Christensen 1996) (Korenaga et al. 2002) and green (Sallarès et al. 2005) , generated by passive decompression of normal pyrolitic mantle (solid curves) and fertile mantle (dashed curves). The properties of normal oceanic crust (White et al. 1992; Bown & White 1994) are shown by the large black dot. The effects of various processes are shown by arrows; elevated mantle temperatures increase the lower-crustal velocity and igneous crustal thickness, active upwelling increases crustal thickness without changing the lower-crustal velocity and mantle fertility will increase crustal thickness while decreasing the lower-crustal velocity. This plot assumes the bulk lower igneous crust is representative of the primary melt; upper mantle fractionation will decrease lower-crustal velocity while lower-crustal fractionation will have the opposite effect. (Fig. 1) ; the black square is the average Lopra-1/1A hyaloclastite without interbedded basalt flows, the black circle those with interbedded basalts and the black triangle an average literature value for basalt at 200 MPa (Christensen 1996) . Fields defining clean sandstone and shale are shown in green and purple, respectively (Tatham 1982; Tatham & McCormack 1991) . The properties of the Paleocene sedimentary section, with Vs calculated using the mudrock relation of Castagna et al. (1985) , from the 206/1-2 well (Fig. 1) , which is subdivided into two sections based on a major change in geophysical character, are shown in pink. The properties of Jurassic sandstone from the Brent field (Strandenes 1991) are shown by the blue circle.
was suggested to explain a Vp/Vs ratio lower than that expected for fresh basalt (1.84; Christensen 1996) . Across the top of the Fugloy Ridge the subaerially extruded lava flows have Vp/Vs values in excess of 1.80 (±0.06). Distal to the rift, thinner flows have a greater proportion of high porosity flow margins and longer hiatuses may result in increased sedimentation between individual flows or weathering of the flow top (to high Vp/Vs kaolinite; Holmes 1998; Wang et al. 2001) .
The Vp/Vs ratio determined for the subbasalt LVZ on the Faroes profile aids in the interpretation of the subbasalt lithology. The LVZ properties are plotted on a Vp/Vs versus Vp diagram in Fig. 16 . The modelled properties are compared to literature results to test different hypotheses, including whether the LVZ comprises hyaloclastites, or sediment derived from either Greenland or the Faroes platform.
Drilling to a low reflection interval beneath the Faroe Islands in the Lopra-1/1A well revealed that it was caused by hyaloclastites (Christie et al. 2006a) , largely welded material comprising tuff-like breccias formed by eruption in the presence of shallow, or significant subterranean, water with lower average P-wave velocity than the overlying flood basalt sequences. To test whether the significant thickness of hyaloclastites found in the Lopra-1/1A well was widespread across the region or was spatially restricted, Lopra well log measurements (grey dots) are compared to measurements from the LVZ. Such a comparison is valid as the Paleocene Lopra-1/1A hyaloclastites were deeply buried at 2.4-3.5 km depth and the logged properties indicate they had undergone significant compaction and lithification; further burial to the ∼6 km of the LVZ would have increased the P-wave velocity but, by comparison to the burial effect on sands (Eberhart-Phillips et al. 1989) , not significantly changed the Vp/Vs ratio. In the Lopra well sonic velocities were found to be only 3 per cent higher than seismic velocities (Christie et al. 2006a) , so the effect of frequency dispersion is also likely to be small. The mean properties of the LVZ lie within the slowest 4 per cent of the hyaloclastite P-wave velocities and the lowest 24 per cent of the Vp/Vs ratios. The LVZ is therefore highly unlikely to be composed entirely of hyaloclastite. Spitzer et al. (2005) analysed seismic reflection data using moveout to 12 km offset and resolved a double velocity inversion beneath the thinner basalt in the FaroeShetland Trough which was interpreted as subbasalt hyaloclastites (with Vp ∼ 5.2 km s −1 ) overlying older sedimentary units (with Vp ∼ 4.5 km s −1 ). The first velocity inversion is reasonably subtle and if a similar situation exists on top of the Fugloy Ridge the hyaloclastite unit, particularly if containing a higher proportion of basalt flows closer to the rift axis, may be incorporated into what is interpreted to be the basalt layer.
At the time of writing two wells have penetrated the basalt in the Faroes region, but the well logs have not been released. This means that interpreting the LVZ as sedimentary in origin remains speculative, although the presence of hydrocarbons within fluid inclusions in the volcanic sequence penetrated by the Lopra-1/1A well (Laier et al. 1997; Konnerup-Madsen 2006) indicates that some source rock (shale) is likely to be located beneath the Faroes Platform or down dip from it. The modelled properties of the LVZ fall within possible sandstone and shale fields (Fig. 16 ) and are consistent with the compaction trend of Palaeocene mudstone from the 206/1-2 well in the central Faroe-Shetland Trough (although S-wave logs were not measured in this well and the Vp/Vs ratio has been estimated using the empirical mudrock relation of Castagna et al. (1985) ). The Vp/Vs ratio and P-wave velocity of the LVZ are both slightly higher than that of clean Brent Jurassic sandstone (Strandenes 1991) and although the LVZ is more deeply buried and potentially shale rich, the velocity difference may also be due to mafic intrusion into the sedimentary unit.
Prior to permanent uplift of the margin associated with breakup magmatism (Richardson et al. 1999) and Cenozoic inversion tectonics (Andersen et al. 2000) the poorly explored western FaroeShetland Trough may have received input from the continental highlands of Greenland (Ziska & Andersen 2005) . Cretaceous stratigraphy of the Kangerlussuaq Basin, East Greenland, correlates well to that of the Faroe-Shetland Trough, yet in the Paleocene the Kangerlussuaq Basin fluvial sandstones record uplift while the FaroeShetland Trough continued deep-water deposition (Larsen et al. 2006) . Greenland-derived angiosperm palynoflora in four wells in the central Faroe-Shetland Trough and heavy mineral analyses indicate that, during specific intervals in the Palaeocene, Greenlandderived sediment did flow into the Faroe-Shetland Trough (Jolley et al. 2005) . Thus the LVZ may represent (possibly sill intruded) Palaeocene sedimentary rock derived from Greenland and emplaced as transient thermal uplift across the nascent rift zone led to increased weathering and clastic sediment transport from Greenland.
A third possibility is that the LVZ represents sediment eroded, or remobilized, from the Faroes Platform beneath the Faroes Islands (Ziska & Andersen 2005) which, closer to the centre of the hotspot, would have undergone greater Palaeocene uplift. If the Fugloy Ridge in the region of the Faroes profile had also undergone significant uplift in the Palaeocene then this time interval may be represented by an unconformity. In this case the LVZ would most likely represent (Christensen 1996) are shown as a black triangle, pale blue triangle and dark blue circle, respectively. Fields defining clean sandstone and shale are shown in green and purple, respectively (Tatham 1982; Tatham & McCormack 1991) . Examples of Mesozoic sedimentary units from the region for which S-wave sonic logs were recorded are shown by orange and pink squares for Jurassic Brent sandstone (Strandenes 1991) and Triassic sandstone and shale units from well 213/23-1 (courtesy of ExxonMobil), respectively.
Cretaceous mudstones or shale as the Faroe-Shetland Trough (and Kangerlussuaq Basin) underwent significant and widespread subsidence at this time, which drowned palaeohighs (Ziska & Andersen 2005 ). In the northern Rockall Trough dolerite intruded Late Cretaceous claystones beneath the basalt give a slight LVZ (∼1 km s −1 P-wave velocity inversion) with a minimum thickness of 2 km (Archer et al. 2005) .
The properties of the sub-LVZ unit can also be plotted on a Vp/Vs versus Vp diagram (Fig. 17) . S-wave refractions have sampled <3 km into the 'basement' beneath the LVZ. The modelled P-wave velocity of the material beneath the LVZ is only slightly lower than that of gneiss, which is interpreted to form the continental basement of the Fugloy Ridge, yet the Vp/Vs ratio is significantly higher. The Vp/Vs ratio is more similar to that measured for highly weathered/hydrated mafic Lewisian rocks exposed in northwest Scotland (Hall & Simmons 1979) , although the P-wave velocity of such rocks is higher than that observed beneath the LVZ.
It is likely that refracted S-wave arrivals from beneath the LVZ are sampling a pre-breakup Mesozoic, or older, sedimentary basin. Rifting in the region initiated in the Devonian (Allen & MangeRajetzky 1992; Dean et al. 1999) , so sedimentary deposits of a variety of ages may be present beneath the Fugloy Ridge. The Vp/Vs ratio is high for such deeply buried sedimentary units and suggests they may be shale or clay rich. Although the P-wave velocity of the sub-LVZ material (∼5.7 km s −1 ) exceeds that generally expected for sedimentary rocks (up to 5 km/s, Fig. 17 ) there is some evidence from previous wide-angle velocity modelling that the velocities of deeply buried Mesozoic or Palaeozoic sedimentary rock in the North Atlantic region may exceed 5 km s −1 (e.g. Mjelde et al. 2008) . Hence this unit, a possible westward continuation of the Faroe-Shetland Trough, may be entirely sedimentary or intruded by dolerite, with properties similar to gabbro. Such intrusions are observed in the Faroe-Shetland Trough (e.g. Smallwood & Maresh 2002) and have only been recognized by seismic reflection imaging within sedimentary basins between basement highs (e.g. Smallwood & Maresh 2002) . However, the presence of dolerite intrusions within the Lopra-1/1A well (Kiørboe & Petersen 1995) and the Faroes Island basalts (Hald & Waagstein 1991) supports the presence of such intrusions beneath the Fugloy Ridge.
C O N C L U S I O N S
The inversion of converted S-wave arrival times has been carried out to produce crustal scale S-wave velocity models with good estimates of model uncertainty across two NW European continental margins, the Faroes and Hatton Bank margins. Efficient phase conversion at the sediment-top basalt interface across the oceanic crust and subaerially extruded basalt flows gave a good data set of consistent converted S-wave arrivals suitable for tomographic inversion. The loss of this phase conversion interface and the attenuative nature of the continental crust at the southeastern ends of the Faroes profile and Hatton Bank Dip line significantly degraded the quality of the converted S-wave data sets in those areas and inversion could not be performed for the entire profile. Arrival phases were identified based on arrival time, moveout and particle motion.
A layer-based ray tracing and inversion code, Rayinvr (Zelt & Smith 1992) , was invaluable as an aid to understanding and finetuning the traveltime data sets. MCS reflection data constrained the bathymetry, velocity and thickness of the post-volcanism sedimentary sequences while Pg and PmP arrival times recorded on OBSs were jointly inverted to produce P-wave velocity models. The traveltime delays between the P-wave arrivals and S-wave phases converted on the way up at the top basalt-sediment interface were used to constrain the Vp/Vs ratios within the post-volcanic sedimentary sequences. S-wave phases converted on the way down at the sediment-top basalt interface were used to constrain the S-wave velocities within the crust.
Correction of the converted S-wave traveltimes to approximate symmetric ray paths allowed the use of a regularized grid inversion, Tomo2D (Korenaga et al. 2000) . Final models produced using the automated Tomo2D inversion gave a more robust estimate of the minimum structure required by the traveltime data set than the Rayinvr forward models. This smooth crustal structure fitted traveltimes well except in the vicinity of the LVZ on the Faroes profile. Monte Carlo analyses, with randomization of the 1-D starting models and traveltimes within appropriate bounds, allowed model space to be explored and uncertainty determined. Combination of the final P-and S-wave velocities allowed an estimate to be made of the Vp/Vs ratios. As a ratio, Vp/Vs is far more sensitive to modelling error than is either the P-or S-wave velocity and hence smoothing and restriction to areas with a low uncertainty (i.e. those areas which have good P-and S-wave ray coverage) were critical prior to interpretation.
The Vp/Vs ratios derived from comparison of the P-and S-wave crustal scale models, or in the case of the LVZ from a more detailed analysis have, when used in conjunction with the P-wave velocity, proved to be a valuable tool for aiding interpretation of the mineralogy and lithology. In the lower crust across the continentocean transition the Vp/Vs versus Vp plot clearly shows a mixing trend between crystalline continental crust and mafic (high magnesium) intrusions. On the Faroes margin the Vp/Vs ratio provides insight into lithologies, likely to be early Tertiary-Cretaceous and Permian-Jurassic sedimentary rock, present beneath the basalt which have proved notoriously difficult and expensive to investigate using seismic reflection and drilling approaches. As the subbasalt sedimentary rocks continue to the continent-ocean transition the pre-breakup sedimentary system was likely to be joined to that now found on the Greenland margin allowing a western provenance for these units. 
